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DISCLAIMER 


"This rtport was prtpartd as an account of Govemment*spon$ortd work. 

Nflthtr tht Unitwd Statts, nor the Administration, nor any person acting 
on iMhalf of the Administration: 

a. Makes any warranty or representation, expressed or Implied, 
with respect to the accuracy, completeness, or usefulness 
of that Information contained In this report, or that the 
use of any Information, apparatus, methods, or process 
disclosed In this report may not Infringe privately owned 
rights*, 

b. Assumes any liability with respect to the use of any 
Information, apparatus, methods, or process disclosed 
In this report," 

As used In the above, "Person acting on behalf of the Administration" Includes 
any employee or contractor of the Administration, or employee of such con* 
tractor to the extent that such an employee or contractor of the Administration, 
or employee of such contractor prepared, dlssonl nates, or provides access to 
any Information pursuant to his employment or contract with the Administration 
or his employment with such contractor. 
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ABSTRACT 


As an outgroMth of Its Involvtmtint In wator rtclamatlon and wattr quality 
monitoring for both spacecraft and domestic appl1cat1ons« the National Aero- 
nautics and Space Athnini strati on conducted a project to develop and test an 
automated water quality monitoring system. The objective of this project was 
to develop and demonstrate a system that could perform water quality monitoring 
on-line and In real-time* much as It would be done In a spacecraft. The design 
goal was to develop a system with the capability to determine conformance to 
future high effluent quality standards and to Increase the potential for 
reclamation and reuse of water. The resulting system Includes conventional 
commercial sensors* NASA/contractor* developed sensors* an automated sample 
collection system* and a computerized data acquisition and reporting system. 

This report describes the system and viocuments the development of the NASA 
Water Monitor System (WfiS) demcnsfv'ation unit. 
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SECTION 1.0 


INTRODUCTION 


BACKGROUND 

Since the beginning of manned space flight, NASA has been involved in 
the analysis, design, development, testing, and application of systems for 
water supply, water monitoring, and waste management. Throughout the earlier 
programs (Mercury through Apn’lo-Soyuz) , it was possible to discard water 
after it had been used. However, long-duration multi personnel missions or space 
stations will not be able to accept this penalty because a 6-man crew could 
easily use 113 to 136 kilograms (250 to 300 pounds) of water per day, or 36 
to 45 megagrams (40 to 50 tons) per year (Reference 1), Thus, reuse of water 
will be essential. In preparation for this future requirement, NASA has 
worked extensively in the development and Hemonstration of processes for the 
recovery of water from all potential sources (e.g., humidity condensate, used 
washwater, urine, and fecal flush water), the monitoring of spacecraft water 
for both chemical and biological contamination, and the reduction of waste to 
small-volume chemically and biologically inactive residues. The experience 
and facilities NASA has acquired in the performance of this work are directly appli- 
cable to the development of compact and efficient water reclamation and 
monitoring systems for domestic use. T^us, as part of its continuing effort 
to transfer advanced technology to the community and in recognition of the 
increasing freshwater shortage and the national concern about pollution, NASA 
has undertaken several programs in pollution monitoring and water reuse 
technology. 

In 1971, NASA began a program to design a Modular Integrated Utility 
System (MIUS), Reference 2. The purpose of the MIUS program was to develop 
techniques for integrating electrical power generation, water processing, solid 
and liquid waste management, and environmental conditioning, using residual 
energy for utility functions. This program was conducted in cooperation with 
other government agencies such as the Department of Housing and Urban 
Development, the National Bureau of Standards, and the Environmental Protection 
Agency. 

The NASA work on MIUS included reviewing water reuse applications 
such as cooling towers, home recirculation systems involving non-potable 
applications, and garden irrigation (Reference 3). However, it was discovered 
that no national standards existed to determine the acceptability of treated 
wastewater for reuse, particularly for human consumption. In addition, no 
monitoring system was available to provide adequate and timely verification 
of total water quality. These key issues, common to both NASA spacecraft and 
Earth-bound application, led to the development of an automated water quality 
monitoring system to ensure the safety of treated wastewater. 

A survey of in-house NASA developments relative to water monitoring 
revealed the following items with potential for near-term applications. 
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1. A water quality monitoring system at the NASA Lyndon B. Johnson 
Space Center (JSC) developed for spacecraft application that incorpo- 
rated conventional sensors and a chemiluminescence biosensor 
(Reference 4). 

2. A col i form detection concept using detection of metabolic gas 
evolution being developed on a laboratory basis at t,he NASA Langley 
Research Center (References ^ nr.d 6). 

3. Bioluminescence techniques sensitive to adenosine triphosphate (ATP) 
in living organisms being studied at the NASA Goddard Space Flight 
Center. 

None of these developments were in an on-line configuration, nor did they 
provide cny type of data acquisition and display system. The Water Monitor 
System (WMS) project begun at JSC was designed to integrate these develoimients 
into an on-line system that could provide a complete water quality overview. 

A phased development program to build the WMS was implemented. The phases 
were as follows: 

Phase I: Assembly and testing of a breadboard system in the MIUS 
Integrated Systems Test (MIST) laboratory at JSC. 

Phase II: Assembly and testing of a field demonstration system in the 
MIST laboratory. 

Phase III: System demonstration in a community wastewater treatment 

facility. 

Phase I was concluded in February 1975 and the results are described in 
Reference 7. Phase II was completed in February 1977. Phase III was con- 
cluded in February 1981. 

PROGRAM OBJECTIVES 

Previous water quality testing in the MIST facility, as in most conmunity 
treatment plants, was done primarily on a laboratory basis and often required 
1 to 2 weeks to get laboratory results. Even under the best conditions, 
the determination of some parameters, such as biological oxygen demand (BOD) 
and Escherichia coli (fecal coll form), required 4 to 5 days. The ob- 
jective of the WMS was to perform water quality monitoring on-line and in 
real-time; much as it would be done in a spacecraft. The design goal was to 
develop a system with the capability to determine conformance to future high 
effluent quality standards and to increase the potential for reclamation and 
reuse of water. 

The following program objectives were established: 

1. To develop an automated WMS for wastewater treatment system effluent 
monitoring. 
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2. To focus and accelerate development of real-time rii1c*"o-organism 
sensor technology transfer efforts within NASA. 

3. To demonstrate feasibility and reliability by correlating data with 
standard laboratory techniques. 

4. To develop the system to a field demonstration configuration and 
demonstrate It to municipalities. 

The objectives of the field demonstration were further expanded after It 
was underway at the Santa Clara Valley Water District's Water Reclamation 
Facility at Palo Alto, California. 

1. To determine the steady-state performance (ability to remove contaml- 
nant‘0 of the water reclamation facility unit process based on WMS 
data. 

2. To determine unit process and reclamation facility availability. 

3. To determine reclamation facility reliability. 

4. To determine reclamation facility operating and maintenance costs. 

5. To determine similar parameters for the WMS; I.e,, performance, 
availability! reliability, and operating and maintenance costs. 

SCOPE 

The NASA approach to the development of the WMS was to place emphasis on 
the NASA biological sensors and the total WMS concept. Performance of the 
bloloij^ 'al sensors was of special Interest because they were In the developmental 
stage. Although NASA appreciated the fact that selection of commercial sensors 
was an Important task, system development time and program dollars were not of 
a scope to permit extensive testing of the wide range of candidate equipment 
for each parameter. Therefore, some sensors Installed In the WMS performed 
better than others. The sensors chosen represented a good cross section of 
the sensors commercially available. Additionally, Installation In the WMS 
was not to be construed as an endorsement by NASA; It was the overall system 
approach to on-line monitoring that was considered to be of Importance. 

The Phase II effort, consisting of the development, assembly, and Initial 
checkout of the field demonstration unit was Initiated In March 1975 and 
completed In February 1977. Phase III field testing of the demonstration unit 
was divided Into two parts. The first part occurred during April and May 1977 
at the Southwest Wastewater Treatment Plant (SWTP) In Houston, Texas. The 
second part of Phase III occurred from June 1977 to February 1981 at the 
Santa Clara Valley Water District's Water Reclamation Facility In Palo Alto, 
California. A block diagram of these activities Is shown In Figure 1. The 
tasks were performed under contracts NAS9-15060 and NAS2-9885 with The Boeing 
Company, Houston, Texas. The early tasks of the program up to and Including 
the first part of Phase III were accomplished under the administration of NASA's 
Johnson Space Center. The second part of Phase III was accomplished under the 
direction of NASA's Ames Research Center. 
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Figure 1 Block Diagram of the WMS Project; Phases II and III 











SECTION 2.0 

WMS (WATER MONITOR SYSTEM) 


DESCRIPTION 

This section describes the WMS and each of the subsyst«ns> The perform- 
ance characteristics of each subsystem are evaluated. Operations and mainte- 
nance costs are presented for each subsystem. Also included is a discussion of 
the statistical analysis procedures used in the evaluation of the data obtained 
by the WMS. 

General 

The WMS is contained in a 2,4 x 9.0m (8 x 30 ft) transportable semitrailer 
that includes all the support equipment required to sample various process 
stages of waste treatment facilities. The WMS configuration is depicted in 
Figure 2. The instrumentation and computer syst«ns are housed within the 
trailer, and the sample pumping system, filters, and compressed air supply are 
secured beneath the trailer. The sample collection and distribution system 
provides the capability to sample any one of six different sources of water 
within the treatment process. The WMS has the capability to handle up to 40 
data channels. In addition to the GC, the WMS measures 14 water quality param- 
eters. The sensors measuring these parameters are shown in Table 1 with the 
range, calibration frequency, and the required chenical replacement frequency. 
With the exception of the last three sensors shown in the table, the sensors 
are commercial. y available models that were either available from NASA or' 
bought off the shelf. Where appropriate, these commercial sensors were modi- 
fied to allow for automatic computer calibration and data acquisition. The 
remaining three sensors (the col i form detector, the gas chromatograph, and the 
chemiluminescence biosensor) are based on NASA-developed technology and are 
unique to the WMS. The elements which comprise the WMS are outlined below. A 
more complete description of the sensors is presented in reference 8. 

Utilities 


All utility functions necessary to operate the V#iS equipment (except tap 
water and electrical power) are provided by the WMS trailer. These include air 
conditioning, compressed air, deionized water, and various reagent gases. 

Sample Collection and Distribution Systan 

The sanple collection system was designed for multipoint sampling v4»ereby 
sampling can be accomplished in and about various locations of a wastewater 
treatment facility. The system has the capability of providing water samples 
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TABLE 1 
WHS 


SENSOR 

RANGE 

STANDARDIZATION 

FREQUENCY 

CHEMICAL 

REPLACEMENT 

FREQUENCY 

TOC 

(IR ANALYZER) 

0.1- 1.000 mg/l 

DAILY 

STO- WEEKLY 

HARDNESS 

(ELECTRODES) 

1 • 10,000 mg/l Ca COj 

DAILY 

STD -WEEKLY 
REAGENT -3 MONTHS 

RESIDUAL 

CHLORINE 

(ELECTRODES) 

0.1- 1,000 mg/l 

DAILY 

STO -WEEKLY 
REAGENTS (2) - 3 MONTHS 

NITRATE/NITRITE 

(COLORIMETRIC) 

0 • 80 mg/l • N 

DAILY 

STD - WEEKLY 
REAGENTS (2) -WEEKLV 

AMMONIA 

(COLORIMETRIC) 

0 • 80mg/l • N 

DAILY 

STO -WEEKLY 
REAGENTS (2) -WEEKLV 

SODIUM 

(ELECTRODE) 

10- 1,000 mgA 

DAILY 

STD • EVERY 3 DAYS 

pH (ELECTRODE) 

2 • 12 pH units 

WEEKLY 

STD -WEEKLY 

CONDUCTIVITY 

(CELL) 

0 • 2,(XK) pmhd/em 

WEEKLY 

NONE REQUIRED 

TEMPERATURE 

(RTD) 

0-200*P 

WEEKLY 

NONE REQUIRED 

TURBIDITY 

(PHOTOMETER) 

0.1 • B.OOO mg/l SiO, 

WEEKLY 

NQNE REQUIRED 

DISSOLVED 

OXYGEN 

(ELECTRODE) 

0 • 20 mg/l 

WEEKLY 

NQNE REQUIRED 

COLIFORM 

DETECTOR 

> 1 partids/ITml 


EVERY 
QTHER DAY 

GAS 

CHROMATOGRAPH 

> 1 mS/I 

EVERY TWO 
WEEKS 

MONTHLY 

(GASES) 

CHEMILUMI- 

NESCENCE 

BIOSENSOR 

t lO’^ partiel«/nil 

EVERY TWO 
WEEKS 

EVERY 3 DAYS 


(TOTAL I VIABLE) 










from six different locations at predetermined inten/als. Figure 1 presents the 
configuration and flow schematic of the system. 

Total and Viable Biomass 


A chemiluminescence biosensor has been developed for monitoring bacterial 
population in wastewater streams. The system employs the alkaline luminol- 
hydrogen peroxide reaction with iron pc-phyrins as a total bacteria monitor. 
Hydrogen peroxide pretreatment, reaction rate differentiation, and EDTA allow 
the resolution and quantitation of bacteria in the presence of the interfering 
materials associated with wastewater effluents. Incorporation of a carbon 
monoxide technique permits the measurement of both total and viable bacteria in 
an automated flowing system. 

To measure viable bacteria with an automated luminol chemiluminescence 
system, the laboratory single sample injection method developed at Goddard 
Space Flight Center was converted to a flowing system where reagents and sam- 
ples are transported with peristaltic pumps. The major problem was the han- 
dling of the carbon monoxide- treated sample. It was known that light reverses 
the binding of the carbon monoxide with iron porphyrins of viable bacteria. 
The carbon nronoxide pretreatment had to be performed in the dark and the sample 
had to be protected from light until after the subsequent analysis. This was 
achieved by locating the carbon monoxide bubble chamber in a dark box and by 
using black tubing for transferring the sample from the chamber to the reaction 
coil . 


In addition to the carbon monoxide required for the determination of 


unruuyn 


unc 
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viaDie oactena, air naa to oe Duuoiea 

mi nation of total bacteria. Without the air treatment, total bacteria counts 
were artifically high, a fact still unexplained. 


The biosensor schedule originally required 2 hours for a measurement of 
both total and viable bacteria. The schedule was later shortened to 1 hour 
after tests confirmod that sample flush, air/carbon monoxide treatments, and 
analysis could be accomplished with sufficient quantitative accuracy. 

A standard calibration method was developed to insure the accuracy and 
repeatability of the sensor. Calibrations were established using the Coulter 
electronic particle counter and the firefly luciferase - ATP assay for total 
and viable bacteria, respectively. These are illustrated in Figure 4 and 
Figure 5. They were reproducible for samples of cultured col i form bacteria or 
effluent samples. The correlation coefficient was 0.96. The viable bacteria 
correlation curve illustrated in Figure 5 shows much more scatter when cultured 
bacteria and effluent samples are compared. This may be due not so much to 
variations in biosensor response but to variations in the ATP levels within the 
organisms grown in different environments and subject to various degrees of 
stress. 


The standard curve generated from the measurement of total bacteria is 
used for the calibration of the sensor. The stability and repeatability of 
these measurements make it the method of choice. Extensive research in the 
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Figure 4 Biosensor Calibration Curve Established 
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A CULTURED COLIFORM BACTERIA 
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Figur« 5 BioMnsor Raspons* versus Viable Bacteria as Determined by 
the Firefly Lxiciferase - ATP Assay 
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Figure b is a schematic of the chemiluminescence biosensor including 
positions of Buchler peristaltic pumps, valves, and other associated apparatus. 
A sample 1s pumped at 4.35 ml/m1n. and mixed with 0.02t 

ml /min. The sample is In contact with the final 0,0015% so rut ion of H^O^ for 2 
minutes. This H^O^ pretreatment step is designed to eliminate interferences 

from extracel 1 ul ar Iron porphyrins by oxidative degradation while not signifi- 
cantly affecting Intracellular porphyrins protected by the cellular membrane. 
Ninety-five percent removal of these interferences Is effected using this 
pretreatment . 

The H 2 O 2 pretreated sample is pumped Into the bubble chamber at 4.7 
ml/m1n. An assay of the air-treated sample produces a measurement of total 
bacteria, live as well as dead organisms, due to the stability of the iron 
porphyrins within an intact cellular membrane. An analysis of a carbon 
monoxide-bubbled sample is a measure of dead bacteria only. 

An actively respiring bacterium absorbs carbon monoxide that irreversibly 
binds with the iron porphyrin members of the electron transport chain. Luminol 
chemiluminescently reacts with the oxidized iron porphyrins of the dead bac- 
teria; however, no reaction occurs with the reduced carbon monoxide-compl exed 
iron porphyrins found in the metabolizing organisms. The difference in chemi- 
luminescent response between ar air-treated sample (live and dead bacteria) and 
carbon monoxide-treated bacteria (dead bacteria only) can be directly related 
to the concentration of metabolizing bacteria. 

The air/CO-treated s_^ple, pumped at 0.20 ml/min., is then mixed with__.±he 
luminol reagent (5.64x10" M luminol, 1.5 N sodium hydroxide, 40.6x10" M 
EDTA, and 0.1% H 2 O 2 ) at 0,20 ml/min. A 10-second residence time is incorpo- 
rated in the line before the photomultiplier tube to eliminate the short-lived 
chemiluminescence signals from interfering agents such as chlorine and transi- 
tion metals. 

The chemiluminescent signal is measured using an Aminco Chem-Glow Photo- 
meter equipped with a coiled glass flow cell. The computer records the output 
of the photometer and converts the values to bacteria counts in units of mil- 
lions of cells/ml based on blank and calibr^'. tOn factors. 

Table 2 contains the schedule for computer actuation of valves and com- 
mands to calculate the results. The first 5 minutes of the schedule, step 1, 
allows the sample lines to flush without flowing sample to the bubble chamber. 
This step is designed to prevent cross-contamination of the previous hour's 
sample with the current sample source. Step 2 fills the bubble chamber with 
sample while bubbling air through the sample for a total of 10 minutes. The 
chemiluminescence response is measured and re\.orded during step 3 which lasts 
19 minutes. Step 4 signals the computer to average the last five recorded 
values and calculate the total bacteria concentrations based on the calibration 
factors. Steps 5, 6, and 7 are similar to steps 2, 3, and 4, except carbon 
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monoxi'le bubbled '■'or u‘:»* m '^he calculation of viable bacteria. The 
computer retains the value for total bacteria calculated in step then 
subtracts the value of dead organisms calculated in step 7. The difference is 
recorded as the viable bacteria. 

TABLE 2. BIOSENSOR HOURLY SCHEDULE 


STEP 

VE ENERGIZED TIME 
HR; MIN: SEC 

CUMULATIVE TIME 
HR:MIN;SEC 

ENERGIZED VALVES 


0; 5: 0 

0: 5: 0 

1. 3 

2. 

0 

♦ 

0 

0 

0:15; 0 

1 

3. 

0;19; 0 

0:34; 0 

1, 3, 4 

4. 

0: 1: 0 

0:35; 0 

1. 3. 4 

5. 

0: 5: 0 

0:40; 0 

1, 3. 5 

6. 

0:19; 0 

0:59; 0 

1, 3, 4, 5 

7. 

0: 1: 0 

1: 0: 0 

1. 3, 4, 5 


Total Residual Chlorine 

An Orion Model 1125 Chlorine Analyzer measures the residual chlorine in 
continuous samples by the potentiometric method. It operates on the principle 
that chlorine will liberate free iodine from potassium iodide solutions when 
the pH is 8 or lower. The sample is mixed with a reagent and pumped through a 
reaction heater and constant temperature analysis chamber. In the chamber, the 
mixture passes between a scditm electrode and redox electrode. The electrodes 
are connected to the analyzer's electronics system which gives a direct chlo- 
rin I concentration reading on a four-cycle logarithmic scale calibrated to read 
from 0.1 to 1000 mg/1 . 


TurbiditN 


A Sigrist Photometer Turbidimeter Model UP 52-TJ determines the turbidity 
of a continuous sample stream by comparison with a nephelometric standard. The 
Model UP 52-TU has four measuring attachments of different ranges. Two of the 
units use fall ing- stream flow cells with ranges of 2-1000 and 2000-15,000 mg/1 
( 3102 ); one usos a surface scatter- flow cell with a range of 5-100 mg/1; and 
one uses a splash-flow cell with a range of 0.5-20 mg/1. All of them use a 
dual beam optical measuring bridge. The flow attachment used during the cur- 
rent test period was the Model TJ25 which measures light scatter at 25 degrees 
in a falling stream. The manufacturer claims that this configuration gives the 
best sensitivity for detecting low concentrations of biological solids. 
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D1 $so1 ved Oxygen 


A Delta Scientific Series B310 Automatic Analyzer continuously measures 
dissolved oxygen In a sample stream. The patented DO probe consists of gold 
and silver electrodes mounted In a PVC body. A Teflon membrane forms an 

oxygen-permeable barrier between the water being tested and the electrolyte in 
the probe. A voltage is applied across the electrode and as oxygen passes 
through the membrane, it produces an electrical current proportional to Its 
concentration. DO readings In mg/1 In the ranges of 0-E, 0-10, or 0-20 are 
displayed. 

TOC (Total Organic Carbon)/T0D (Total Oxygen Demand) 

The TX measurements presented in ^1s report were obtained using one of 
two TOC analyzers. The TX analyzer originally Installed In the WM3 was an 
Astro Ecology Model 1100 TX/TC Analyzer using a high temperature reactor to 
obtain conversion of organic carbon to carbon dioxide. The replacement low 
temperature TX analyzer, Astro Ecology Model 1800, was installed In April 
1980. A more complete description of the two analyzers follows. 


The Astro Ecology Corporation high temperature TX analyzer simultaneously 
deterr.»1nes either TC (total carbon) or TOC on aqueous samples containing solid 
particulates up to 2000 micrometers in diameter. Measurement ranges from 0-10 
mg/1 or 0-500 mg/1 of carbon are available. Fifty ml/m1n. of sample are con- 
tinuously pumped into a mixing chamber and gas scrubber assembly v4iere it is 
mixed with phosphoric acid to reduce the pH to 2. Inorganic carbon Is con- 
verted to carbon dioxide which Is vented to an air stream. A portion of the 
scrubbed, carbonate- free SoBnple (2 ml /min.) is pumped into a combustion chamber 
and combined with a metered air stream (79% oxygen). The air provides the 
oxygen for cotnbustion. The sample remains in the chamber at 850°C long enough 
for fu'^1 combustion to occur. The products of combustion and excess air leave 
the reactor and enter a water-cooled liqul d/gas separation assembly which 
removes condensed vapors. The remaining gases are routed to an infrared 

analyzer where the amount of carbon dioxide is measured and converted to units 
of TX. 


The Astro Ecology Corporation low temperature TX analyzer Is capable of 
measuring either TC or TOC, The analyzer Is continuously operated in the TOC 
mode for WMS applications. The following theory of operation refers to Figure 
7 . The incoming sample is pumped Into the analyzer at the nominal rate of 28 
ml/m1n. by Pl(Ml), a peristaltic pump. Approximately 4 ml/m1n. of this flow is 
transferred via P3(M2) to the inorganic carbon scrubber assembly (S-1), and the 
balance Is bypassed to drain. A phosphoric acid solution, pumped by P5(M3) at 
.21 ml/mln. from acid reservoir (R-2), is added to this stream before it 
reaches the CO^ scrubber. This acid add-lt1on converts of the inorganic 
carbon to CO- which is then scrubbed out of the solution. Scrubber oxygen flow 
is introduced at the bottom of (S-1) and is controlled by FIC-2 at 150 ml/mln. 
All excess sample entering (S-1) is bypassed by overflow to drain. Pump P4(M2) 
draws 0.3 ml/mln. from (S-l)'s overflow. This sample is mixed first with a 
carrier gas (zero grade oxygen) and then with a persulfate solution, delivered 
by P6(M3) at .21 ml /min., and delivered to the reactor module UV-1. In the 
reactor module all carbon in the sample is converted to C02* The oxidized 
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Figure 7 Total Organic Carbon Sanaor Flow Schamatic 






samplt^ ^>olution then passes through (gas-liquid separator and constant 

head overflow assembly) and the liquid portion is directed to drain. The vapor 
portion of I he sample, now laden with CO 2 and other by-products, leaves from 
the top of (S-d). This vapor passes through (F-2) (filter element) before 
delivery to the infrared analyzer tnr CO^ analysis. 

The Asti'O Ecology Corporation TOD (Total Oxygen Demand) Analyzer was used 
tor the first portion of the test period. Due to difficulties with the sensi- 
tivity of the analyzer, it was not used during the last half of the test period 
at the SCVWD Reclamation Facility. 

The TOD analyzer determines oxygen demand for hydrogen, nitrogen, sultu*', 
and carbon comoounds found in the sample water. It receives the non-condensable 
gases from the TOC analyzer following the carbon dioxide analysis and passes 
them through a solid electrolyte oxygen detector. The oxygen depletion, based 
on the amount of air fed to the reactor, is measured and translated into units 
of TOD. 

Amiion i a 

A Delta Scientific Model 8119 Ammonia Analyzer continuously measures 
aiiiiionia in sample water by spectrophotoiiietric analysis. The intensity of the 
blue color developed by the reaction of aiunonia with phenol and hypochlorite 
in an alkaline medium is proportional to the concentration of ammonia in the 
sample. The analyzer has a minimum sensitivity of 0-1 mg/1 ammonia, and no 
upper limit with dilution. 

Mitrate/Nitrlte 

A Delta Scientific Model 8138-153105-002XX1 Nitrate Analyzer continuously 
measures nitrate/nitrite concentrations in the sample stream by spectrophoto- 
metric analysis. Nitrates are reduced to nitrites in a cadmium- reducing 
column. The nitrites are then reacted with sulfanilamide and NEDA in an acid 
solution to form the azo dye. The color intensity developed is a measure of 
the nitrate plus nitrite concentration in the sample. T^e concentration of 
nitrites may be determined separately by bypassing of the cadmium column. 
Nitrate/nitri ce concentrations above 0,4 mg/1 are too dark for useful discrimi- 
nation; therefore, dilution of the sample is required for most measurements. 

pH 


The GLI (Great Lakes Instruments) Model 70 Analyzer measures pH using the 
differential electrode technique to compare a pH electrode to a standard elec- 
trode containing a chemical pH standard. The probe is housed in a 1 1/2-inch 
PYC tee to increase the flow velo(:ity across the probe. 

Conductivity 

The sensor used to measure the ionic content of the water sample is a 
Beckman Type R15 Solu Bridge Conductivity Indicator with a temperature-compen- 
sated epoxy flow-through cell, type CEL-VDJ4-KF. The cell constant is 4.0, 
permitting measurements In the range of 0-2000 mhos/cm. 


17 



Temperature 


The Action Pac RTD's (Resistance Thermal Detectors) are used to measure 
sample temperatures. The RTD probe detects changes in potential between two 
electrodes as the temperature chances and converts this to a 0 to 5-vol t sig- 
nal. The probe is sensitive to 0.1°F and reads from 0-200 F. 

Hardness 


An Orion Model 1132 Hardness Analyzer continuously monitors the sample 
stream for hardness, a measure of calciun and magnesium ions in water. The 
technique used is proprietary to Orion Instrument Company. In general the 
method involves the chelation of all divalent ions by a complexing agent, 
followed by the addition of a "substitution" ion which selectively releases 
calcium ions. A "tag" ion is added at molar concentrations 100 times greater 
than the maximum possible ionic strength. A reference electrode is selective 
to this tag ion, and the sensing electrode is selective to the substitut n 
ion. The electrodes are connected to the analyzer's electronics system which 
gives a direct hardness reading on a four-cycle logarithmic scale calibrated to 
read from 0.1 to 1000 mg/1 . 

Sodium 


The Beckman Model 9415 Sodium Ion Analyzer determines the concentration of 
sodium in a sample stream by measuring the potential between a Beckman 633951 
Sodium Ion Electrode and a Beckman 19604 reference electrode. The electrode 
potential is directly proportional to the logarithm of the active sodium con- 
centration. The response of the sodium electrode can be affected ay several 
other monovalent cations. Usually, hydrogen is the only interfering ion with 
sufficient concentration to be a problem. To eliminate this interference, all 
solutions are pH adjusted with ammonia to suppress the hydrogen ion concentra- 
tion. Temperature control is provided by a heat exchanger located upstream of 
the electrode flow chamber. 


Gas Chromatograph 


The gas chromatograph quantitatively measures nine volatile halogenated 
hydrocarbons. The system, linked to the 50-u filtered multipoint sample 
source, automatically injects 120 1 of sample into a preparative gas chromato- 
graph which separates the organic compounds from the water. The organics are 
collected on a Tenax GC trap which is heated to introduce the compounds into 
the analytical gas chromatograph for accurate quantitation at the microgram per 
liter level. The following compounds are routinely monitored during the 
50-minute analysis: 


1 ) Tetrachl oroethyl ene 

2) Methylene Chloride 

3) 1,2-Di chi oroethyl ene 

4) Chloroform 

5) 1,1,1-Trichl oroethane 


6) 1 'omodichloromethane 

7) Trichloroethylene 

8) Dibromochloromethane 

9) Bromoform 
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Tha system Is Interfaced vrith the Nova 3 for data transfer, storage, and 
retrieval . 

The automated gas chromatograph consists of two basic suL-.ystems. The 
first subsystem, which Includes a sampling valve, preparative gas chromatograph 
and trap, Is required to separate and concentrate the volatile chlorinated 
organics from the water sample. The concentrated sample Is then routed to tlie 
analytical gas chromatograph which performs the quantitative analysis. Figure 
8 is a schematic of the complete system. 

The preparative gas chromatograph Is a Hewlett-Packard Model 5710 equipped 
with a thermal conductivity detector. This chromatograph Is fitted with a 
short Sorbital precolumn and a pair of 0.635 cm o.d. x 137 cm stainless steel 
columns packed with 10% Sorbitol and 0.5% Igepal 50-880 on 50/80 mesh Gas Chrom 
Q. The column oven 1s operated Isothermal ly at 105°C. A 99.999% nitrogen 
carrier gas flow Is maintained at 15 ml /min. The sample Is Introduced Into the 
preparative gas chromatograph via a Bendix liquid ;>umpl1ng valve mounted on top 
of the unit. The sampling valve Injection port Is maintained at 150°C. 

The preparative gas chromatograph Is fitted with an external valve oven 
maintained at 150^0. This valve oven houses two automatically controlled Carle 
Model 2014 microvolume sampling valves and lines connecting the preparative and 
analytical gas chromatograph subsystems. Valve 2 permits selection of the 
water column 1n the preparative gas chromatograph. Valve 1 allows sample flow 

to pass through the trap or to the atmosphere. A trap consisting of 10.2 cm x 

15.2 cm stainless steel tubing packed with 60/80 mesh Tenax GC extends outside 
the external oven to allow rapid heating and cooling. Heating Is accomplished 
by a commerical bl ower/ heater , and cooling Is attained by blowing ambient air 
across the trap. 

The analytical gas chromatograph consists of a Hewlett-Packard Model 5840 
equipped with an electron capture detector. The detector oven 1s maintained at 
V and the Injection port temperature at 175°C. The analytical column con- 
shTts of a 355 cm x 0.312 cm o.d. stainless steel column packed with 0.2% 
Supelco SP-1000 on 80/100 Carbopak C. The carrier gas flow Is maintained at 14 

ml /min. For an analysis, the column Is maintained at 80°C for 28 minutes, then 

programmed to rise to 175°C at 8°/m1nute. A mixture of 95% argon and 5% 
methane Is used as the carrier gas In the analytical gas chromatograph. 

The gas chromatograph system Is Interfaced to the computer system for cal- 
culations and storage of data. The area values calculated by the gas chromato- 
graph are transferred to the computer through the communications Interface. 
The computer calculates the absolute concentrations for the nine compounds 
based on established calibration curves. The concentrations of the compounds 
I. ‘e then stored on the disk system for later retrieval. 
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Figure 8 Automated Cat Chroanatograph Wfater Anaiytit Sytieai Flow Scheoiatic 






Before a water sample Is processed, the Tenax trap Is heated for 1 minute 
and purged with nitrogen. The analytical column is heated to 2Q0°C fov- 5 
minutes to remove any residual volatile materials. Valve 2 Is rotated before 
each analysis, thus alternating the two Identical water separation columns. 
This allows one preparative column to be used while the other preparative 
column Is being purged. When the trap Is cooled to about 25°C and the analyti- 
cal column cooled to 80°C, the water sample analysis can proceed. 

Sample (120 1) is Injected into the preparat’ column by six pnematlc 
actuations (20 1 per Injection) of the liquid sampyng valve. The sample is 
immediately volatilized as it passes through the 175°C heated nort. The sample 
then passes through valve 2 and into the water separation column. As the 
sample passes through this column, the organics separate from the water frac- 
tion and are eluted first onto the trap. By monitoring the column effluent 
with the thermal conductivity detector, the organics are collected on the trap 
until just prior to the emergence of the water fraction. At this point, valve 
1 Is actuated to vent the water vapor to the atmosphere and put the trap in 
line with the analytical column. 

The concentrated organics are desorbed by heating the trap to 285°C for 15 
seconds. The organics are then carried into the column In the analytical gas 
chromatograph by the argon/methane carrier gas. The output from the electron 
capture detector of this gas chromatograph Is transmitted to the WMS computer 
system where concentrations are calculated and stored. 

The entire volatile organic analysis Is completed in 50 minutes. The 
first 10 minutes Is used to heat and purge both the trap and analytical column 
of any residual organic compounds. The next 10 minutes is required for the 
separation and collection of the organic fraction of the water sample. The 
last 30 minutes is required for the analysis of the volatile organic compounds 
and transmission of the data to the computer. The entire procedure Is repeated 
each hour, 24 hours a day. 

Total and Fecal Coliform 


The coliform sensor is designed to automatically analyze water samples 
daily for coliform concentrations. Coliform bacte'ia characteristically evolve 
hydrogen gas during the metabolism of the di saccharide lactose. In solution, 
molecular H2 (hydrogen) and H+ (hydrogen ion) establish an equilibrium in the 
presence of noble metals such as platinum according to the following equation: 

+ 

2H + 2e 

The potential of this reaction may be measured using a commerlcal combina- 
tion electrode such as Calomel -Platinum. It had been observed that the time 
from Inoculation to detection of hydrogen is inversely proportional to the 
Initial inoculation cell count for coliform organisms. The coliform detector 
quantifies organisms of this group on the basis of the hydrogen produced. 
Figure p is a flow schemvitic of the coliform detector. 
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The coHform sensor is packaged a standard 19-inch cabinet, fhe sensor 
includes four subsystems: Manual and automatic control switch panel, four 

incubator and four buffer cells, fluids storage and transfer equipment, and 
instrumentation. Manual and automatic control of the sensor is accomplished 
through a switch control panel. Automatic control of cleanup, buffer purging, 
nutrient fill, and inoculation procedures are provided by the computer. Manual 
control is available for performing maintenance procedures. The four incubator 
cells are serial!;- connected by 1.6mm four-way Teflon valves to a common fluid 
fill-and-drain manifold. In addition, each nutrient cell is connected to a 

similar cell filled with 1.0% buffer. The purpose of the buffer cells 

is the collection and measurement'^ of hydrogen gas. Hie cells are 25nm by ISnw 
borosilicate glass tubes. The top of each cell is fitted with a silicone 
stopper molded for two 1.6nm fil 1 -and-vent tubes, a 12nm combination electrode, 
and a mercury thermometer. Teflon is used wherever possible to enhance clean- 
ing. Each of the cell tubes is itmnersed in a mineral oil bath which can 
individually controlled at temperatures of 35°C (total col i form) or 44.5°f 
(fecal coliforml and a bacteriostat temperature of 85°C. The bath is heated 
with electrical resistance heaters, and temperatures are maintained with solid 

state proportional controllers. The buffer cells are operated at room 

temperature . 

The fluids storage and handling section includes valves, peristaltic pump, 
reagent storage containers, regulated facility air, and hot demineralized 

water. Air supplies are filtered to 0.45 micron and washed in 0.1 N nitric 
acid. Water is heated to 100°c with 30 minutes retention time to effect steri- 
lization. Organism growth is monitored with one combination electrode per 
cell. The electrode signal is conditioned with high impedance amplification 
and multiplexed to the computer for visual display and engineerirrg unit print- 
out. Teiriperatures may be monitored visually with a mercury thermometer. 

The coliform sensors' cleanup and inoculation processes are controlled by 
a 57-step computer program. The cleanup and inoculation processes are shown in 
Table 3 . The first 45 steps involve evacuating the previous sample, cleaning 
and sterilizing the reaction cells, purging the hydrogen gas from the buffer 
cells, and introducing fresh broth into the incubator cells. Step number 46 is 
a 48-hour holding step which was devised to allow the operator a variable 
waiting period between inoculations. The remaining steps inoculate the sample 
with the final step being a holding step during which hydrogen production by 
organism growth is monitored by the EVE minicomputer. 

An extensive amount of work was done prior to the test period to develop a 
series of calibration curves. The infomation gathered was used to compare 
this sensor to another which used an impedance measuring technique, establish 
sensitivity and reproducibility limits, and to demonstrate the degree of agree- 
ment between the sensor values and the MPN values from the laboratory. 

In order to calibrate the sensor, seeded samples were run and the reaction 
times were plotted against the lab MPN values obtained on the sample. The 
samples consisted of serial dilutions of unchlorinated secondary effluent using 
chlorinated secondary effluent (which had been dechlorinated) as diluent. The 
dechl orinated vater was used as diluent in order to approximate the chemical 
composition of real-world samples. Figures 10 and 11 show the fecal and total 
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COLIFORM SENSOR SCHEDULE 
(Continued) 
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calibration curves which were obtained in the manner mentioned above. Linear 
regression analyses were run and gave the slope, y intercept, and r values for 
each calibration. For the fecal coHfonm calibration, tl’.a values were -1.26, 
10.45 hrs., and 0.95, respectively. For the total colifonn the calibration 
curve values were -0.9, 9.04 hrs., and 0.95, respectively. By using the 
equation y * mx+b, the unknown (the original number of colifom bacteria in the 
sample) mcy be calculated. Whereas y equals the original coliform concentra- 
tion, m equals the slope, and b equals the y intercept. The reaction time is 
designated as the amount of time required to register a 200 mv drop from the 
electrode output. 

In the course of operating the coliform sensor, several cultures of bac- 
teria (coliform and noncoliform) were obtained. It was discovered that several 
strains of noncoliform bacteria mimicked the electrode response of coliform 
bacteria. This was a revelation in that previous experience had shown that 
noncoliform bacteria were incapable of driving the electrodes to the maximum 
negative point (-500 mv) . These particular cultures, however, gave electrode 
respof.ses equal to those of col i forms. 

After it became apparent that the electrode response was influenced by end 
products of metabolism other than hydrogen, a new cell configuration was 
devised allowing four of the eight test cells to see only gases evol’ ed in the 
four test cells containing broth. This provides four pairs of test cells with 
each pair consisting of a broth cell and a buffer cell. This is the configu- 
ration currently being used. 

D ata Acquisition and Report Generation System 

The WMS was developed as a method for providing automatic operation and 
control of the instrumentation and sample collection system necessary to deter- 
mine the physical /chemical and biological activity of water discharged from 
waste treatment facilities. Two computer <?ystems, ADAM (Air Data Acquisition 
and Monitoring) and EVE (Environmental Verification and Evaluation), accomplish 
this objective by sepai ate data acquisition and report generation tasks. ADAM 
is a commerical software package developed to control air quality monitoring 
stations which acquire and check data, perform engineering unit conversions and 
automatic instrumentation standardization and calibration, and data reporting. 
EVE is a companion program developed to reformat the ADAM data for retention 
and display, to operate and control biological sensors and a gas chromatograph, 
and to plot or analyze the results. 

The separate computer systems for data acquisition and report generation 
were developed to utilize the proven data processing capabilities of the ADAM 
system and provide flexibility to generate various reports and allow future 
expansion. The proprietary aspects of the ADAM software do not allow program 
modifications to be made to the data acquisition system; therefore, any re- 
quired changes are performed on the EVE report generation system which is coded 
in FORTRAN and resides on the disk system. 
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The combined system of computers provides a wide range of capabilities fo*" 
Immediate determination and evaluation of water quality. Instantaneous and 
historical reports are available for display on either a CR i for iirmiedlate 
review or a line printer for hard copies or plotted results. The ADAM system 
was purchased from Monitor Labs, Inc., San Diego, CA, and the EVE" system was 
developed by Boeing Aerospace Company to provide additional reporting and 
control capability not available in ADAM. ADAM 1s a stand-alone operating 
system that functions independently from EVE and operates and controls the 
sample collection system and the commerical sensors that measure the physical 
and chemical activity of the water samples. EVE utilizes the Data General 
Corporation RODS (Real-Time Disk Operating System) to acquire the ADAM data, 
process and control the biological sensors, acquire the gas chromatograph data, 
and store and report the results. 

The commercial sensors are hardwired to the ADAM system. These include 
total organic carbon, turbidity, dissolved oxygen, pH, ammonia, nitrate/ni- 
trite, conductivity, temperature, s, diumv residual chlorine, hardness, sample 
pumping pressures and reclamation plant chemical clarificat’^on operational 
parameters (influent flow pH, recycle flow, waste flow and sludge density). 
There are 40 data channels available for continuous real-time monitoring. 

The computer system is secured in three adjoining equipment racks as shown 
in Figure 12. The ADAM system is racked within the left equipment bay and the 
EVE system is racked within the center and right equipment bays. The ADAM com- 
puter system. Figure 13, consists of a Data General NOVA 1200 computer with 24K 
words of memory, a Monitor Labs Data Logger, Time-of-Year Clock, and a peri- 
pheral device control interface; a Remex paper tape reader/ punch ; and an NCR 
thermal printer and keyboard. The EYE system computer equioment, Figure 14, 
consists of a Data General NOVA 3D computer with 64K words of mapped memory, a 
disk system with one fixed and one removable cartridge with 10 megabytes 
storage capacity, a magnetic tape, ar*i a conmuni cation chassis with a four-line 
asynchronous multiplexer; a Monitor tabs peripheral device control interface 
and an A/D converter; two TEC CRT data screens and keyboards; and a Versatec 
matrix printer/ pi otter. Separate cables are provided for the Remex paper tape 
reader/punch and Data General magnetic tape to allow access by either computer 
system. Except for the magnetic tape and the communication chassis on thte EVE 
system, all peripheral communication is accomplished through each Monitor Labs 
device control interface. The Data General communication chassis is used on 
the EVE system to receive the ADAM conriercial sensor data and the gas chromato- 
graph data via two EIA RS232C data lines tliat are multiplexed for access by the 
operating system. A second CRT is used on the EVE system for background com- 
munication with the operating system. 

The Digital Clock provides the main system time base to sample the digital 
data from the Data Logger. A selectable time pulse is transmitted through the 
Interface to the NOVA 1200 cpu. The NOVA 1200 cpu responds by calling the 
remote station via a Serial Input/Output device in the interface unit. The 
remote station then reads the analog input signals and proceeds to transmit the 
digital data. The NOVA 1200 cpu checks the incoming data for errors, stores 
the information, and performs calculations for transmission to the communica- 
tion chassis. 
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Figure 13 ADAM SystMn Configuration 
























Operator control of the WMS is provided by a separate communication device 
for each cotnputer syst»‘!" The ADAM system communication is provided by a thermal 
printer and keyboard. T .. EVE system communication is provided by two CRT data 
screens and keyboards, Hard copies of the EVE reports and plotted results are 
printed on a line printer, A data scan is performed each minute by the ADAM 
system, the data are transmitted to the EVE system, and the results are displayed 
on one of the CRT data screens. Instrument status, current or instantaneous 
data, and previous or historical data from EVE are monitored. Required channel 
calibration data and standardization valve actuation data for ADAM are entered 
on the keyboard. 

The WMS provides the capability to automatically monitor 40 parameters each 
minute and generates reports for instantaneous data or for historical data of the 
current day or any previous day within a 3-month period. Instantaneous data reports 
provide the previous 1-minute value, and the previous 15-minute, 30-niinute, and 
hourly averages as well as the running average for each of the 40 available 
channels. Historical data reports provide daily averages, instantaneous and 
hourly peak values, and the time of day each occurred. Both hourly averages and 
daily averages may be plotted simultaneously with data processing and display. 

The computer operating manual with a detailed software description is 
contained in Reference 9. 
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